Capillary porosity in a 28 days old cement paste is analysed with the novel FIBnanotomography method. Based on the high resolution 3D information obtained from FIB (focused ion beam), unique topological details of the capillary pore network can be achieved in the range between a few tens of nanometers and a few tens of microns. The specific potential of FIB-nt is the quantification of porosity in distinct microstructural zones. In the 28 days old cement paste, 30 % of the capillary porosity is located within the phaenograins and 70 % in the groundmass. The connectivity between these two categories of pores is dominated by pathways through a dense hydration layer, which forms the outer mantle of the phaenograins. These pathways (called intersections) can be quantified based on the high resolution 3D-microscopy technique with FIB. 2 to 4 % of the dense hydration layer are penetrated by the pore intersections. The average diameter of the intersections is below 50 nm. Thus 30 % of the pore volume are only accessible through the intersection pore necks which are smaller than 50nm.
INTRODUCTION
Porosity has a major impact on permeability, durability and also on mechanical properties of cementitious materials. Therefore quantitative analysis of the pore structure is of major importance in order to establish the relationships between the microstructure and the final materials properties. Great efforts have been spent for quantification of the microstructure in cementitious materials [1-1 O] . However, quantification of the pore structure remains a challenging task. Image based pore structure analysis with SEM or TEM is restricted to 2D information, which is not suitable for the investigation of permeability and connectivity, where higher order topological information related to the 3D-structure of the pore network is required. Since a large part of the pore structure has dimensions below the µm-scale, also conventional tomography techniques for 3D-analysis fail because of insufficient resolution. Recently, a new high resolution 3D-microscopy technique was developed at Empa using a dual beam FIB (focused ion beam) [11] [12] [13] , whereby voxel resolutions below 20 nm can be achieved. The so-called FIB-nanotomography (FIB-nt) method thus opens new possibilities for a quantitative characterization of the pore structure in cementitious materials. For this purpose special algorithms for determination of particle and pore size distribution, tortuosity and constrictivity are currently being developed in our group [14, 15] . With respect to permeability, transport and durability properties, the characterization of the capillary pores with pore dimensions larger than 20 nm is of major importance. As shown in fig. 1 , a large part of the porosity in this size range is hosted in the so-called phaenograins and is separated from the capillary pore network in the groundmass by a dense hydration layer [6] . The porous phaenograins are also called hollow shell hydration grains or hadley grains [16] [17] [18] . Based on the 3D-data from FIB-nt, capillary pores in the undifferentiated groundmass and in the phaenograins can be distinguished and their pore volumes and pore size distributions can be distinguished [19] . Furthermore also the so-called intersections, i.e. the pathways between the pores in the phaeonograins and the capillary pores in the groundmass, can be analysed. (For illustration, the intersections are marked with arrows in fig. 1 ). The quantitative analysis of heterogeneous, disordered microstructures, such as porosity in cement paste, is a challenging trask for 3D-microscopy and image analysis. In order to resolve the small pore throats in the 10 nm-range, highest resolution is required. With such high resolution only cubes with edge lengths of a few tens of microns can be analysed. Thus, for quantification of the heterogeneous microstructures based on 3D-microscopy, representativity is a major problem. In this paper we are comparing the quantitative results of 3 data volumes from FIB-nt that are taken from the same sample (28 days old cement paste), but with different magnifications (Skx vs. 20kx mag). The aim of this paper is to illustrate the unique potential of FIB-nt for parametrisation of the capillary pores and porosity in the so-called hadley grains and to discuss the influence of magnification on the resulting size distributions and on representativity, respectively. . For microscopic analysis with FIB, the sample was prepared according to conventional procedures for impregnating and polishing as described elsewhere [20, 21] . In addition, porosity was also measured with conventional mercury intrusion porosimetry (MIP).
As mentioned earlier, special algorithms are developed for quantification of the pore structure (Muench, B. in prep.) [14, 15] . The principle for quantification of the different types of pores is illustrated in figure 1 . The pore network is skeletonized and for each point on the skeleton the shortest distance to the neighbouring pore wall is taken as the pore size at this location. From this information pore volume and pore size distribution can be determined. With a semi-automatic segmentation porosity in the groundmass and in each phaenograin can be analysed seperately. The connections between capillary pores in the groundmass and porosity in the hollow phaenograins are then represented by the intersections of the pore skeleton with the boundary of the phaenograins. In figure 1 the intersections are marked with an arrow. Based on this, the number and the size of the intersections can be quantified.
3. 
RESULTS
Fig . 2 illustrates the 3D reconstructions of the 3 data volumes obtained with FIB-nt from a cement paste with w/c-ratio 0.35 after 28 days of hydration. The black domains represent porosity, the grey parts are hydration products and the bright domains are unhydrated clinker. Cube I contains numerous phaenograins which is the basis for a statistical representation of the cement paste. In contrast, as becomes obvious from fig. 2 , the larger phaenograins in the cubes II and III (20 kx magnification) are strongly affected by truncation at the boundary of the small cube volumes and therefore the larger cement grains can not be captured in a statistically representative way at this magnification. Nevertheless the high resolution is needed in order to resolve the details of the fine structured capillary pore network. Pore volume fractions The volume fractions of the analysed cubes are shown in figure 3. In the initial paste mixture the volume of the cement grains is 51.4 % (calculated from mix proportions). In cube I with magnification 5 kx the volume fraction of the phaenograins is 43.6%. This difference of 8% can be explained by the fact, that some of the cement grains have either dissolved or they are fully hydrated and cannot be distinguished from the groundmass. In cubes II and Ill the volume fractions of the phaenograins (51.8, 55.1) is even larger than the volume of cement grains in the initial mixture. This apparent increase of phaenograins is attributed to the nonstatistical sampling. Cubes II and III contain many large unhydrated phaenograins.
Additional information on the representativity of the cubes comes from the comparison of the pore volume fractions with corresponding data from mercury intrusion porosimetry (MIP). The total porosity measured with MIP is 26.9%. The MIP data also includes gelpores of a few nm size, which can not be sampled with FIB-nt because of insufficient resolution. The volume of pores with diameters larger than 74nm in MIP (i.e. 19.3%) corresponds well with the pore volume in the FIB-nt cube I with voxel resolution 74nm (i.e. 21.3%). According to MIP, the pore volume larger than 20nm (i.e. the resolution of cubes II and III) is 25.9%. Cubes II and Ill contain much lower pore volumes (20.6, 14.0%), which confirms that they do not represent a statistically representative microstructure. Nevertheless, as discussed subsequently, the high resolution 3D-data (cubes II and III) gives important information on the fine structure of the paste microstructure, which is important for the understanding of permeability properties and associated transport processes. 
3.2
Pore size distributions Based on data volumes obtained from FIB-nt, the pore size distributions (PSD) can be determined for the entire cube volume but also for the groundmass and for each phaenograin seperately. (Computational techniques are described in Muench et al, in prep.). As mentioned above the pore volume of cube I is similar to the pore volume determined with MIP if in the latter case only pores with diameters larger than 74 nm are encountered (see fig. 4 ). However the size distribution is very different between FIB-nt and MIP. PSD from MIP is discontinuous because mercury intrusion is dominated by the pore necks with dimensions around 100-200nm, which is also called the breakthrough diameter [9, 22) . With MIP the volume of pores that are larger than the breakthrough diameter are considerably underestimated. In contrast, the PSD obtained from FIB-nt exhibits an exponential distribution of the form y=a e-bx. Similar PSD curves are also obtained when analysing the groundmass and the phaenograins separately, although the volume fractions in these domains are different (fig. 4) . As shown in figure 5 , the porosity in the groundmass exhibit similar size distribution curves for all three cubes. The distribution above 50 to 70 nm follows a nearly exponential law with increasing pore volume for decreasing pore size. Below 50 to 70 nm diameter the volume is then drastically decreasing. Hence below the breakthrough diameter the pore size distribution obtained with MIP is similar the ones obtained from FIB-nt. FIB-nt exhibits a realistic pore size distribution but the method is limited by the voxel size at the given magnification. With MIP also pores in the lower nm-range can be sampled. However, due to the ink bottle effect no realistic size distributions can be gained above the breakthrough diameter. 
3.3
Connectivity between capillary pores in groundmass and in phaenograins The phaenograins can be extracted from the FIB-nt data volumes by semi-automatic segmentation technique. An example is illustrated in fig. 6a and 6b for cube I. The porosity in the phaenograins (red domains in fig 6c and 6d) can then be analysed seperately from the porosity in the groundmass (violet domains in fig. 6d ). As shown in fig. 7 the size and the pore volume of the phaenograins vary strongly and independently. On average, the phaenograins in the 28 days old cement paste contain 34 % (cube I), 32 % (cube II) and 23 % (cube III) of the total porosity. As illustrated in fig. 1 the pores in the phaenograins (i.e. about 30 % ) are separated from the capillary pore network in the groundmass by a dense hydration layer that is formed by hollow shell hydration. For understanding and modeling of capillary transport it is thus not sufficient to analyse the capillary pores of the bulk sample and the pore volume in phaenograins and in groundmass. The volume of porosity that is contributing to the transport processes is strongly depending on the connectivity between the capillary pore network and the porosity in the phaenograins. Connectivity can be parametrized using the superposition of the pore skeleton with the phaenograin surfaces, which is defined as the intersection points ( fig. 8) . The grey domains in fig. 8a represent the capillary pore network. The skeleton of the entire pore network (pores > 20nm) including phaenograins and groundmass is shown in fig. 8b . The intersections of the pore network with the phaenograin surface ( fig. 8c) can then be used for parametrization of the connectivity between capillary pores in the groundmass and porosity of the phaenograins. Suitable parameters that can be extracted from the skeleton at the intersection points are the size distribution of the intersections, the surface area of the phaenograins that is penetrated by the intersections and the intersection density (i.e. the number of intersections per surface area of the phaenograins The intersection size is strongly dominated by the smallest size class that can be detected at a given resolution (see fig. 9 ). For cube I (5kx mag, 74 nm voxel resolution) the average intersection size is 96nm. For cubes II and III, which are acquired at 4 times higher magnification, the average interection sizes are 40 to 50nm. The intersection densities fig. 10 ). Nevertheless these are average values, but the number of intersections per individual phaenograin is strongly variable. Therefore also the intersection area on the surface of the phaenograins varies strongly between 0 to 8 % ( fig. 11) . Thereby, the average intersection area fractions are not significantly dependent on the resolution from FIB-nt because for higher resolution the effect of decreasing intersection sizes is compensated by the increasing intersection density that can be detected. On average the intersection area fractions are 2.2% (cube I), 3.3% (cube II) and 3.2% (cube III).
4.
2nd 
DISCUSSION
Porosity in cement paste reveals microstructural features over many orders of magnitude, ranging from the lower nm-scale up to the mm-scale. This range of scales represents the main challenge for quantitative pore structure analysis. With FIB-nt a new field of investigations is opened in the range of some tens of nm up to some tens of µm. This size range corresponds with the dimensions of the capillary pore network. Thus, within this size range, true pore size distributions can be obtained with FIB-nt not only for the bulk capillary pore network, but also for specific microstructural domains such as the groundmass and the individual phaenograins. In all microstructural domains and also in the bulk paste, the pore size distributions above 40 to 50 nm follow an exponential law of the form y=ae-bx. Above the breakthrough diameter (i.e. 1OO-l50nm) the PSD obtained with FIB-nt are significantly different from the PSDs obtained with MIP. For pores smaller than the breakthrough diameter the shape of the PSD curves from FIB-nt are similar to the ones obtained with MIP. Thus, combinations of FIB-nt with MIP reveal complementary information on the pore structure in cement pastes: MIP can be used for quantification of the total porosity based on the analysis of a representative sample volume. In addition the pore size distributions below the breakthrough diameter appear to be reasonably well characterized with MIP. Above the breakthrough diameter, MIP does not reveal reliable PSDs because in this size range mercury intrusion is dominated by the so-called ink bottle effect [9] . With FIB-nt the pore size distributions above the breakthrough diameter can be analysed for limited sample volumes. The strength of FIB-nt is the three dimensional description of porosity in distinct microsctuctural domains (eg. porosity in groundmass, phaenograins and in the interfacial transition zone). Thereby FIB-nt reveals topological details, which are relevant for transport in the capillary pores. For example the high resolution 3D-data from FIB-nt opens the possibility to quantify connections between capillary pores in the groundmass and porosity in hadley grains. For future applications it should be possible to directly determine parameters such as tortuosity and constrictivity in the capillary pore network (for a discussion see [23] and Muench et al, in prep). 
CONCLUSIONS
The strength of FIB-nt is the unique potential to resolve topological details of 3D-features such as the pore necks at a previously unknown resolution. Such topological information is needed for the investigation of connectivity and associated permeability. This potential is demonstrated for the quantification of pathways between the capillary pores in the groundmass and the pores in the phaenograins. In the 28 days old cement paste 30 % of the pores are hosted in the hollow phaenograins. This considerable pore volume is conntected by small pathways (on average <50nm diameter) which penetrate the dense hydration layer that forms the outer mantle of the phaenograins. The intersections cover 2-4% of the phaenograin surface area. Apparently, the intersection area is independent from the resolution of analysis because the two following magnification dependent effects neutralize each other: The detected size of the intersections is decreasing with increasing resolution. At the same time the intersection density is increasing because more of the small pathways can be resolved at higher resolution. Hence the 2-4% intersection area of pathways larger than 1 Onm represents reliable input data for models of transport processes in the capillary pore network.
For an integrated microstructural model of the porosity in cement paste, multi-scale considerations are required in order to include all relevant features such as gel pores, capillary pores and inhomogeneities at the interfacial transition zone. At the moment FIB-nt is the only 3D-microscopy method that can resolve topological details of the capillary pore network below 100 nm. For future applications, the challenge will be to combine the information from FIB-nt with other microscopy techniques that work at different magnifications. 
